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The Higgs as a composite p-NGB

9,9

Strong sector

G/H

Gp, Mp
Yr, YR

A Global symmetry breaking in the strong sector delivers as NGB the Higgs
doublet H

A H emerges as fully composite pNGB, while transverse gauge and fermions are
iIntroduced as external, elementary fields

A Vectors coupled to strong sector by gauging SU2), xU(l)y CH
» linear couplings to currents L7, = gelWelJ“’

cmp
A Similarly for fermions: write ﬁ Uv — = yr.q; O with O fermionic composite
operator, same for right-handed quarks

A Al physical states are partially composite



The Higgs as a composite p-NGB

A SM fermion masses myg ~ gpg_ig_f v » for flavor-anarchic strong
sector, light quarks mostly elementary; third generation can be sizably

composite

A Only breaking of the global symmetry comes from couplings to elementary
states » radiative Higgs potential, form essentially dictated by structure
of linear mixings
Naive expectationis U ~~ J . need to tune to obtain v < f as required by

2
data. Minimum tuning scales as ’U_z

A Moderate tuning + light Higgs imply that at least some fermionic resonances

( O tpartpers6 ) h aelghtt o
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Plan

A Direct searches for top partners
A Higgs coupling measurements after run |

A Exploiting differential distributions to probe Higgs couplings in new ways:

A Boosted Higgs
A Off-shell Higgs
A Double h production

A What if the Higgs is coupledt o t e c h mduced EW® BO 0O



Plan

A Direct searches for top partners
A Higgs coupling measurements after run |

A Exploiting differential distributions to probe Higgs couplings in new ways:
A Boosted Higgs
A Off-shell Higgs
A Double h production

A What if the Higgs is coupledt o t e c h mduced EW® BO 0O
A | apologize in advance for the many topics | am not covering here.

For example: flavor, vector resonances, top seesaw models, little Higgs,

twin composite Higgs, €



Direct searches for top partners

A Top partners come in complete multiplets of unbroken global symmetry.

For minimal choice SO(5)/SO(4), reasonable to expect a 1 or a 4 of
SO(4) ~ SU(2); x SU(2) g

A Phenomenology determined by the lightest multiplet » simplified models

(taking into account Goldstone nature of the Higgs)

A Contino, Kramer, Son, Sundrum 2006,
For example for the 4, Contino & Servant 2008, Mrazek & Wulzer

2009, De Simone, Matsedonskyi, Rattazzi,
Wulzer 2012

L4, = (kin. terms) — Mg UV
-+ {iclﬁRi’y“dZtR -+ yf(@L)IUh- ZR + yCQ(@L)IthR —+ h.C.]
t

single X QCD pair
production V4 production



Direct searches for top partners

A The & ¢ cannot mix with the SM fermions and is the lightest top partner

It decays only into tW

8 TeV searches tailored to pair
production, but sensitive also to

single production ‘
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from De Simone et al. 2012

Run Il reach: ~1.5 TeV from pair production,
perhaps above 2 TeV including single
production + hadronic final states

e.g. lepton + fat jet for 60 "Qopology

Backovic et al. 2014



Simplified model at work

Matsedonskyi, Panico, Wulzer 2014
A The phenomenology of @ ¢ is described by just

L= %CRYS/SR’YMtRWJ + h.c. — MXy5/3X5/3
A Production cross sections
O'pair(MX) 3 Osing — C?{ Using(MX)

A For a given search, efficiencies depend on M x and chirality of coupling
(assuming narrow resonances).

Computed using MC (FeynRules-MG5-Pythia)



Simplified model at work
A The phenomenology of @ ¢ is described by just
L = %0375/337“1531/[/; +h.c. — MX75/3X5/3
A Production cross sections
Opair(Mx) , Osing = Cp Osing(Mx)

A For a given search, efficiencies depend on M x and chirality of coupling

(assuming narrow resonances). CMS-PAS-B2G-12-012, ATLAS-CONF-2013-051
2'5 [ ™ = '__ """"""" __,.-"' """ i
‘mi_, Vs = 8 TeV ;EAS
Same-sign leptons analyses: L e __f_f.,f-/ :
B . . - . . . . . 1_5: /,':’r"'-.___:__.-.-":"f i
A CMS:require 6(AT T OOBOQ®AT OO0 &« | Vo -
s : : 1.0F /S - ,
sensitivity to single production small L oms
A - . .. . 05F /
A ATLAS: require ¢ jets, efficiencies for : | :
ﬂ_g' P P N T S R i
single and pair production comparable 700 80 900 1000 1100 1200

from Matsedonskyi, Panico, Wulzer 2014 My [GeV)



Effective Lagrangian for pNGB Higgs

A Given scale of new physics m, ~ gpf , leading effects from operators

with extra Higgses, suppressed by 1 / f while extra derivatives ~ 1 / m,

# [ HI?0" | HI? — coMH H)? + e,y HTH L H fr]

/ Higgs trilinear coupling
Higgs coupling to gauge bosons Higgs coupling to fermions
’U2 J— “02
szzl—CHp H’f_l_(CH"'Cy)F

A C; O(l) are model-dependent, minimal example

G/H = SO(5)/SO(4) = cy=

DO

11
Giudice et al. 2007



Effective Lagrangian for pNGB Higgs

A Given scale of new physics M, ~ gpf , leading effects from operators

with extra Higgses, suppressed by 1 / f while extra derivatives ~ 1 / m,

f2

Higgs coupling to gauge bosons

’U2

Iivzl—%f—

A Higgs couplings measurements are

directly testing the (minimum) tuning
02

f2

mJ

= |cnOu|H[?0" | H|? — cs \(H'H)? + ¢,y H'Hf [ H fr]

from 1412.8662

19.7H7 (BTeV)+ 5.1 (7 TeV)
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hgg and ho acouplings

A Contribution of resonances to loop-induced couplings encoded by

ops. of the form HTHF,,, F*" : they break shift symmetry,

2

suppressed by (QQSM ) , Subleading at strong coupling
P

Giudice et al. 2007

A However, a p ¢ 'v A Bnplies relatively light and more weakly

coupled top partners, for example

vV Ne

™

a4
TN ¢ T

mp ~~

G is the mass of the lightest top partner

f~80GeV mP  my<1.2TeV

Matsedonskyi et al.;
Pomarol et al.; Panico et al. 2012



hgg and ho acouplings

A Naively, the effects of light top partners should be important
A However, it turns out that loops of resonances cancel out exactly

against corrections to htt coupling (follows from LET + symmetry

Falkowski 2007, Low & Vichi 2010,
argument) Azatov & Galloway, 2011, Montull, Riva, ES, Torre 2013

t ot
2
OGOUO\___ +/UODUG\\____ - giszlg/[g :1_§0_2
oo ] Ihgg 27

no sign of the scale of top partners

A Important to separate the htt coupling from the loops:

each of them alone does carry info on top partners
M
1 _3» v (1 _ 1 2 _ YL O( 4
Rt = 2 2 + I; m% mz Yr 5 -+ (E )



Higgs production at high p+

Harlander et al.; Banfi et al ;
Azatov & Paul; Grojean, ES,

Higgs recoiling against a large p; jet

Schlaffer, Weiler 2013

for pp > My , resolve the top loop P [GeV] | oM, ] | § €
0.0031 | 0.031
/ 150 837 | 0.070| 0.13
same dependence as in inclusive rate 9200 a1 | 020! 0.30
250 157 | 039 0.56
300 749 | 061 0.89
O min (Kt ,Kg) 350 377 | 085 1.3
pTUSM_ = (Kt + H}g)Q + 0 Kekg + € KJ?] 00|  199| 11| 17
pp " 450 09| 14| 23
500 6.24 17] 29
550 3.68 20| 36
resolve short-distance vs long-distance \ 600 999 | 93| 44
650 1.38 26| 5.2
700 | 0.871 30| 6.2




Boosted Higgs analysis

A selectdecay h — 77 — 00 + MET

(at large p+, good Higgs mass reconstruction by assuming collinear approximation)
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from Schlaffer et al. 2014

can achieve S/B ~ 0.4



Generating h + jet(s)

A Strategy: generate h + jet using HEFT model in MadGraphb,

and reweight events by

|M(ﬁ3t,f€g)|2
|M(0,1)]7

A Generation soon automated with d.oopinducedd upgr ade [{}if MG5
talk by Olivier, this morning
A Full matrix element, with top mass dependence, known only at LO in QCD

Within HEFT, very recent computation up to NNLO
Boughezal et al. 2015



Generating h + jet(s)

A Strategy: generate h + jet using HEFT model in MadGraphb,

and reweight events by

|M(’{tvﬁ39)|2
|M(0,1)]7

A Will become automated with d.oopinducedd6 upgr ade _{};f MG5

A Full matrix element, with top mass dependence, known only at LO in QCD

Within HEFT, very recent computation up to NNLO = & ey 5o
A The 2-jet bin also has discriminating power: .
NLO-merging up to 2 jets, with loop reweighting O
o — :
at LO within SHERPA E
0.6 f:?zj;om__ _;
\ — E:z;—' B R VR =
from Buschmann et al. 2014




Boosted Higgs analysis

(ke + kg =1)
~ 1
Svst. err. E fDl' H—1t
_ 0% E
A Approach complementary to direct 5% — @ m'l
o 0% — = 9%% CL
measurement of top Yukawa in 63Q = %”
3 “"E \\
4 . '". \
2 107¢ 99.9?&5:::1
z \ "
- ) | A
10753 0 0.5
A Room for improvement: K

from Schlaffer et al. 2014

A Computation of SM Higgs p; spectrum at full NLO

(i.e. retaining the top mass dependence) to reduce systematics

A Other Higgs decay channels: i — bb 2

At large boost, fight against dijetsé playground for jet substructure



Off-shell Higgsin] J © &£ =

A Combination of on- and off-shell Higgs measurement proposed as indirect test of

the Higgs total width

0

10 T T | T T T T T 1]
4—lepton production, CMS cuts, Vs=8 TeV
107 qq —+ 4leptons
gg - h - 4leptons
gg — 4leptons(cont)
1072 gg -~ 4leptons(total)

do/dmy[fb/GeV]
b
L
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100

from Campbell et al. 2013
(Kauer & Passarino 2012)

2000

Caola & Melnikov, 2013

CMS 19.7 7' (8 TeV) + 5.1 b (7 TeV)
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< REEEES 4] expected
(\u‘l B 212v+ 4] observed
8_—_ ...... 22y +4] . expected
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from 1405.3455

A Cannot be interpreted in these terms if NP contributes directly to the hgg loop.

A But can be rephrased as coupling measurement, resolve top vs NP loop

(similar to boosted Higgs) Aazatov et al., cacciapaglia et al. 2014



High-massggyY VV
constrains Higgs couplings

L= —k2tlth + K, 222G, G

z

t Z g -«5"“"2
g o g
ﬁb_ﬁ: + ’ZER if;’% T mm#j::
g R : g g ‘ g ‘

Mgg—>ZZ — K/tMIit + K‘ngig + Mbackground
; 2 5 3
— 1 = _ =
M":t N 2Z log % M’%g Y mzz

» Region of large VV mass discriminates between the two couplings

Azatov, Grojean, Paul, ES 2014



A Use MCFM to extract
A Take N background and observed yields from
CMS 6 adnalysiss(¢ut and count, no MELA)

10————

8 TeV data: CMS 4|
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A Use MCFM to extract

8 TeV data: CMS 4|

10————

CMS PAS - HIG - 14 -

CMS preiminary
T

fE=ETeV, L=19.7m0"
T

002

do P
dm4l (lit? l{'g) g gof —- 39+E_,g|£;25xr“,u=1} —;
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S
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8 TeV data: CMS 4|

CMS PAS - HIG - 14 - 002
CMS prefdminary E=6Tev.L=19.7m"
L I o i o B e

do
A Use MCFM to extract drma (K,t, Iig)

A Take N background and observed yields from
CMS 6 adnalysiss(¢ut and count, no MELA)

« Data 1
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I aq—+ZZ 3
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Off-shell Higgs: background prediction

s A T

A Box contribution is known only at LO in QCD. This gives large uncertainty

on the interference term (estimated ~30%).

NB: 2-loop with top internal lines

IS needed for NLO

—doy/dm [ fb/GeV]

ooDa

from talk by K. Ellis, 2014
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Off-shell Higgs: EFT validity
t z g e g ‘
A S I

Consistent EFT treatment: retain =~ — \ i4l'll"e;\'/,”3' ;*ib"lllg

only interference of NP with SM S N L

amplitude

Keeping NP? terms



Double Higgs production

A Double Higgs production especially interesting as a test of nonlinear effects,

in particular of 6OIQ "@oupling

~
2 2 d
Cot = (CH + Cy)v_Q f: _2;’_2 ~
~
MCHM5

A This diagram leads to a large enhancement of the cross section if | EGzGzczNBN

Groeber & Muehlleitner 2010

LHC 14 TeV  my=120GeV |

P
—
—_—

T R ——

A Sensitivity much better

-—
—
—

— ]

than for Higgs trilinear trilinear

a (pp—hh) /o (pp—hh) sy

-10 ~05 0.0 05 10
A

from Contino et al. 2012



